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I. INTRODUCTION

The Los Alamos National Laboratory is interested in the pressure
generated by projectiles as they penetrate different weapon maierials.
Small projectiles in complex structures inherently cause nonplanar
pressure waves, and nonplanariiy causes severe problems in pressure
measurements.

Tnin carbon, ytterbium, and Manganin gages have Leen used
successfully to measure planar waves. In planar measurements, the gage
element is placed normal to the incident stress wave. The stress wave
compresses the gage normal to its face, changing the gage material
resictivity and the resistance of the gage. This change in resistivity
has been well established and can be used to determine the amplitude of
the stress wave.

Nonplanar waves add another dimension to the problem. The nonplanar
wave compresses the gage normal to its face and compresses or stretches
the gage parallel to its face. The gage responds to this second
distortion as would a strain gage. The resistance of the gage is changed
by both types of distortion. In nonplanar stress wave measurements, the
strain component must be unfo'ded from the total resistance change to
determine the resistance change caused by only the stress perpendicular
to the gag2 fare. '

Nonplanar measurcments have been made in the pact. The simplest
technique is to place a Constantan strain gage near the prescure sensing
element and measure the strain. The resistance change of Lhe Constantan
strain gage is subtracted from the resistance change of the pressure
sensing element to give the resistance change due to pressure. One
problem with this technique is that it assumes that the pressure sensing
element has the same strain gage factor as Constantan.

A more sophisticated technique was developed by Dynasen, Inc., for
Lockheed. | They deveioped a gage consisting of twd elements, ytterbium
and Lohm. They found Lohm to have practically no pressure sensitivity
and a strain sensitivity equal in amplitude but ovpposite in sign to
ytterbium. By combiring a 25-9 ytterbium element in series with a 25-12
Lohm elenent, strain was intrinsically cancelled. Any change in
resistance was due to the pressure sensitivity of the ytterbium clement,
The problem with thiy yage is the Timiteu pressure range Lhat it covers,

'or our measurcments, Manganin aonpeared to be more usetul than
ytterbium because of its greater pressure capacity. To develop a
Manganin compensated gage, Los Alamos let a contract to Dynasen, !nc., to
derive the piezoresistivity and stirain factors of Manganin and tonstantan
foils over a wide range of combined pressures and strains., We also asked
Dynasen to develop manufacturing procedures for superimposced and
interlaced gage cumbinations as shown in Fig, 1. Most of the work
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reported in Section II of this report was done by Dynasen, and most of
the work reported in Section Iil was done by Los Alamos.

II. GAGE TESTING PROGRAM

Figure 2 shows the four main experimental arrangements Dynasen used
in this program. Arrangements A, B, and C were tested with their
63.5-mm diam gas gun facility, operating at approximately 100 microns
Ag. Arrangement D was tested with a 22-cal. rifle at atmospheric
pressure. The projectile velocities were measured within 1% deviation
using an electrical contact probe technique and time interval counters.

A. Piecoresistivity Tests

Dynasen measured the piezoresistivity of Manganin and Constantan
foils with arrangement A. Three Manganin and three Constantan gages were
mounted in the center of a target and subje~ted to a quasi-rectangular
plane stress wave induced by the symmetrical impact of a free-rear-
surface, projectile-mounted flyer disk. The targets and flyers were
6061-T6 aluminum, brass, and tantalum. The pressure ranged from O to 200
kbars. The pressure is obtained from the Hugoniot of the material and
Lhe particle velocity. In the case of symmetrical impact, similar target
and flyer materials, the particle velocity 15 one half the impact
velocity. The Hugoniots of materials used in these tests are shown in
Fig. 3. The results of the piezoresistivity tests are shown in Fig. 4.
The piezoresistivity of Constantan is positive, b.t its amplitude is
practically negligible compared with Manganin.

B. Compression Strain Tests

The arrangement B in Fig. 2 was used to induce combined states of
stress and strain on Manganin and Constantan c¢ler:nts. The targels were
rade by stretchiny six gages at 15°, 30°, 45°, 6U%, 75°, and 90° with
respect to the impact face and filling them with a slow-curing cpoxy.
The epoxy resin used was Hysol 2038, and the curing agent was HDO0YY.
The Hugoniot of this epoxy, shown in Fig. 3, is close enough to the
Hugoniol of Plexiyias that P'lexiglas flyers were used lo produce
symmet:ical impacts.

The techrique consisted of imposing a sufticiently long quasi-
rectangular plane wave upon the cpoxy target that cach gage was tolally
engulifed by the wave for at least saveral microscconds.  The plane wave
produces a component of conpressive stress acting normal and parallel to
each element. The component parallel to the element compressively
strains the element, The change of reciztance of the gaye can be
calculated knowing the material Hugoniot, the material density, the (lyer
nlate velocity, the gaye anqie, Poisson's ratio, and the strain factor of
the gage. Conversely, by measuring the change of resistance, the
comprassive straia gage factor was calculated from these tests,
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Figure 5 shows six oscillograph traces from these tests. Only in *the
first trace is the pressure component greater thin the strain comoonent.
In the other traces, the strain component is grrater producing a negative
output. Figure 6 summarizes the results from the compressive s+rain
tests for Manganin and Constantan. The Manganin strain factor varies
petween 0 and 4% strain. The Constantcn strain factor appears to be
unaffected by the pressure field.

C. Tension Test

Dynasen used arrangemert C shown in Fiq. 2 to measure the state of
conbined stress and tensile strain. Carbon, Manganin, arnd Constantan
glements were imbedded near the outside radius of cylindrical Piexiglas
and aluminum targets. When the ilver struck the target, a stress wave
wa¢ transmitted through the target, applying a stress "ormal to the
yage. The target then expanded radially as relief waves formed,
straining the gages. The strein was measured with the Constantan gage,
eand the pressure with the carbon gage. The strain sensitivity of carbon
and Manganin are comparaitle, but the pressure sensitivity of carton is
almost 20 times greater than Menganin. This difference in pressure
sensitivity makes the relative strain error introduced in the carbon gage
sach smaller than in a Manganin yage, and easiér 1o correct. Knowing the
pressure and the piczoresistivity of Manganin, the pressure compunint of
tne output can be untolded, leaving cnly the strain output. The strain
component, aiong witn the measured strain, were then used to ralculate
the strain gage faztor for Manganin. Figure /7 shows six oscillograph
traces from these tests.  The upper two traces are trom carbon elemants
th4l undergo the greatest thange of resistance.  Tne center two Lraces
o trom Manganin elements.  The first step in the Manganin record is due
to the pressure wave, the later slope is due Lo strain.  The lower two
traces are from Constantan elements trat respond only to the strain.  The
terside stram results are sunmecized in Fige 20 The tensile strain
tactor falls shightly unoer the compressive strain factor,  wWe are not
cortdin whether this rosgily tram a trge strain ettect or g ias In the
vapuriinent.,

V. LaPLRIME T UL
. Ltrain o tarredtion
The strain gage tactor ot Maaganan as varaahie sigsing the < oaan

carrection dittcuity but tortunately the stean tactor as angied-valaed
mak ing tne correction pousible,
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The resistance of a piezoresistive gage .s a function of its length
and the surrounding pressure.
R = R(P,L)
The change of resistance when the length and pressure change is:
dR = (3R/3P)dP + (93R/3L)dL (1)

gver a iimiced pressure and strain range the partial derivitives are
given by:

OR/IP = aR and dR/0L = GF(R/L)

where a is the piazornsistivity of Lhe gage and GF is the strain gage
factor. Substitiuting thesr into cqualion | gives:

dR /R = adP + GFidL/L)
Integrating this equatinn gives
I(R/Ro) = aAP + GFIn (I./Lo)

This can be solved for 2.

AP (1/a) ll[“{/“}‘§ ¢

T o

or

Voo (1 1 W/R
P L) '”'%I"o-' '.&]l_'jl_::%ul-

for small L/l

. ‘ | + AR/Ra
(1/7a) In ['1’-ﬁ'ﬂﬂr(f;-/L')J

For Manganin a - 0,007 14 Khar=! reproducey Lhe known resisbance <hang
vorsu, prossire curve very wells o For o carbon a0 0,045 khar- |

repreauces the carve faivly well.  1F the gage factor ii Known Lhe
prosore can be determined by measurving the <lrain with o Constanban gage
and Lhe Lotal resistance change of  the prossure sensing olement.

B,  irequency Response

The 0.1 mm Phiick combivation gage is capable of measuring planar
strosy wavey with an approximale vise LCime o 50 nyo For nonplanar or
obliquely incident measurements, we do nol approach this capabililty. We
e Limitod by the area o Lthe gage Facey o gages aere Lypically 5 mnoon
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a side. A nonplanar or obliqueiy incident wave subjects different
portions of the gage to differert pressures. The gage ou.put is a
function of the averag. pressure over the gqage. For example, a plane
shock front traveling parallel to the gage face at 8§ mm/uys takes 0.6 us
to transverse the gage. Stress waves traveling at lesser angles take
less time; stress waves traveling at lower velocities take more time.
This effect needs to be considered when looking at the rise time of a
stress wave.

C. Field Tests

We have used these Manganin-Constantan combinatiun gages on several
field tests with fair success. We have $een lower pressures in these
experiments than we had expected; most of the measured pressures have
been under 10 kbar. In this range the strain correction would be much
easier with carbon or ytterbium pres<ure sensing elements. We plan to do
further development on one of these materials in the near future.

To cover the full pressure range ana to add duplication, we have used
carbon and Manganin elements together in many of our me.surements. The
Manganin element is normally part of a Dynasen Manganin-Constantan
combination gage aerveloped in this program. A c(arbon gage is epoxiea
directly over th2 combinaticn gage. The thickness of the package is
satisfactory because the rise *imes of the pressure waves that we are
measuring are relatively slow.

Most of our pressurce measurements have been in mock high explosive
(HE) or lithium hydride (salt). Figure 9 shcws what we call a mock HE
pressure instrumentation package (PIP). The PIP is in the center, and
the various gages that ¢ .nto the PIP are on the sides. Four pressure
sensing devices are present in this PIP:; a Manganin-Ccnstantan
combination gage, a carbon gage, a pieroelectric pin, and a twinning
pellet. A Dynascn Manganin-Constantan combination gage is shown in
Fig. 10. The pieze ‘ectric pin gives a signal whein the nressure wave
arrives at the pin. This helps to sort out actual pressure at tihe carbon
and Manganin nuge clemunts from other induced noise. It also provides an
arrival time it the other gage elements are lost. The twinning pellet is
made of ingot iron, which twins when it is subjected to a pressure
greoter than 7 kbar. Twinning is a slippave of the crystalline structure
within grain boundaries, and can be scen with a wnicroscope after the
sample is rut and polished.

Figure 11 shows a salt PIP used in the same test. In thiyv case only
a carbon gage was used along with the pin and twinning pellet. Figure 12
shows rcsults from these PIPs. Although the first pressure pulse of
approximately 3 kbar is low for the Manganin gage sensicivity, the
agreciment with the arbon gage is good and strenglhens the credibility of
the measurerent. The agroement at later times is poor, but a larger
pressure is measured by bolh gages. The salt pressure Ltraces were
correlat-d . time wilh a slightly higher pressure seen in the outer PIP,
as expected.
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~nother PIP dcsign shown in Fig. 13 was used Lo measure pressure
orthogonally. Two gages were mournted at right angles on the salt. These
were superimposed gages with a folded carbon gage on one side and a
50- .0 Constantan strain gage on the other side. The gage is shown in
Fig. '4; results from a measurement of this type are shown in Fig. 15.
The s 1in on the axial gage is tensile from an expancing wave front.
The s .in on the radial gage is compressive as it should be because the
gage 1, perpendicular tc the pressure front.

The pressure is about equal on both axes at early times, indicatirg
tnat the material is ectii g hydrodynamically. At later times as the
strain increases, the pressure measurement is iess certain.

[V, Summary

A useful gage has been developed for measuriang pressure of nonplanar
ar obliquely incident stress waves. The mcasurazments made with Lhese
gayges are not as precise as direct strain gage measurements, but are very
gond considering the conditiors under which these gages are used. We
‘vel a need Lo further develop our ability to measure nonplanar stress
waves in the 0-10 khar range. Carbon or ytterdium will probably be
chosan for tne sensing element,
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Another PIP design shown in Fig. 13 was uscd to measure pressure
orthogonally. Two gaq.s were mounted at right angles on the salt. These
were superimposed gages with a foided carbon gage on one side and a
50- & Constantan strain gage on the other side. The gage is chown in
Fig. 14; results from a measurement of this type are shown in Fig. 15,
The strain on the axial gage is tensile from an expandirg wave front.

The strain un the radial gage is compressive ai it should be Lecause the
gaoe is perpencicular to the pressure front.

The pressure is about equal on both axes at carly times, indicating
that the material is acting hydrouynamically. At later times as Lhe
«irain .ncreases, the pressure measurcinent is less certain,

IV.  Summary

1

A useful gage has becn developad for measuring pressur~ of nonplanar
or obliquely incident stress waves. The measurvments made with these
gages are nol as precise as direct <train geg: measurcments, but are very
good considuring the conditions under wnich these gages dare used. We
feel a need togfin ther develop our ability to mecsure nonplanar stress
wdves in the 0‘10 kbar ranve,  Carbon or ytlerbium will provably be
chosen for the sensing elrment,
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